Abstract Aims/hypothesis: Emerging data suggest that different indices of glycaemia are risk factors for clinical events. The aim of this analysis was to investigate the relationship between fasting plasma glucose or glycated haemoglobin (GHb) levels and incident cardiovascular (CV) outcomes, death, heart failure and overt nephropathy in diabetic and non-diabetic individuals enrolled in the Heart Outcomes Prevention Evaluation (HOPE) study. Materials and methods: The adjusted 4.5-year risk of CV events (myocardial infarction or stroke or CV death), heart failure, death and overt nephropathy was analysed in relation to baseline and updated GHb levels (in 3,529 diabetic HOPE study participants) and baseline fasting plasma glucose levels (in 1,937 non-diabetic and 1,013 diabetic participants). Results: In diabetic participants, a 1% absolute rise in the updated GHb predicted future CVevents (relative risk [RR]=1.07, 95% CI 1.01-1.13; p=0.014), death (RR=1.12, 95% CI 1.05-1.19; p=0.0004), heart failure (RR=1.20, 95% CI 1.08-1.33; p=0.0008) and overt nephropathy (RR=1.26, 95% CI 1.17-1.36; p<0.0001) after adjusting for age, sex, diabetes duration, blood pressure, WHR, hyperlipidaemia and ramipril. Similarly, a 1 mmol/l rise in fasting plasma glucose was related to an increased risk of CV outcomes (RR=1.09, 95% CI 1.05-1.13; p<0.0001), death (RR=1.06, 95% CI 1.01-1.12; p=0.017), heart failure (RR=1.16, 95% CI 1.06-1.13; p=0.0007) and overt nephropathy (RR=1.34, 95% CI 1.23-1.45; p<0.0001) in the group composed of diabetic and non-diabetic individuals. The significant relationship between fasting plasma glucose and CV outcomes persisted after adjustment for diabetes status (RR=1.06, 95% CI 1.00-1.12; p=0.043). Conclusions/interpretation: There is an independent progressive relationship between indices of glycaemia and incident CV events, renal disease and death. Clinical trials of glucose lowering to prevent these outcomes in diabetic and non-diabetic individuals are indicated.
Introduction
Diabetes mellitus is universally recognised as a strong, independent risk factor for cardiovascular (CV) events [1] . Compared with non-diabetic individuals, those with diabetes are two to three times more likely to have a CV event; moreover, the proportion of people with diabetes who will die from cardiovascular causes is >70% [2] . Epidemiological and mechanistic explanations that have been proposed to account for this strong relationship include: (1) prolonged exposure to hyperglycaemia and its consequences [3] ; (2) antecedent and concurrent insulin resistance [4, 5] ; (3) effective insulin deficiency [6] ; (4) associated lipid and blood pressure abnormalities [7] ; and (5) an as yet undefined determinant of both diabetes and CV disease. Varying proportions of individuals with diabetes manifest one or Listed by country in References 13 and 15. more of these abnormalities; however, as diabetes is defined on the basis of an elevated glucose level, everyone with diabetes has a history of hyperglycaemia. This has focused attention on the role of the plasma glucose level as a potential risk factor for CV events and atherosclerosis in both diabetic and non-diabetic individuals [8] [9] [10] .
A growing body of epidemiological evidence now supports the possibility that the degree of dysglycaemia, as measured by either the glucose level or the HbA 1 c level, is an independent risk factor for CV events [11] . Moreover, this relationship has been observed in people with and without evidence of diabetes [8, 9, 12] . What remains unclear is the degree to which the CV risk attributable to diabetes is explained by the elevated glucose level [13] . It is also unknown whether the glucose-CV risk relationship can be accounted for by a link between glucose and other CV risk factors such as hypertension, hyperlipidaemia and abdominal obesity.
The Heart Outcomes Prevention Evaluation (HOPE) study was an international 4.5-year multicentre trial that showed that the ACE inhibitor ramipril reduced the risk of CV events in a broad spectrum of diabetic and non-diabetic high-risk participants [14] . Individuals with diabetes were required to have a locally measured glycated haemoglobin (GHb) level at baseline and annually throughout the study. In addition, a baseline fasting serum sample was collected in 3,196 diabetic and non-diabetic individuals who were enrolled within Canada. These data provide an opportunity to assess the epidemiological relationship between GHb, fasting plasma glucose and CV outcomes in individuals with and without diabetes.
Subjects and methods

Participants
The HOPE study randomly allocated people at high risk of cardiovascular events to receive 10 mg of ramipril or placebo daily, and/or 400 IU of vitamin E or placebo daily using a factorial design. A total of 9,541 people (3,577 with self-reported diabetes at baseline) were recruited within 19 countries and were followed every 6 months for a median of 4.5 years for the development of study outcomes. The HOPE study was approved at each centre by the local ethics committee and all participants provided written informed consent.
GHb was measured in all participants with self-reported diabetes (in each study centre's local laboratory) as either total GHb or HbA 1 c. The results of baseline and annual measurements were recorded throughout the study as an assessment of diabetes control. Investigators were not asked to measure or record GHb levels in participants without a history of diabetes. Fasting venous blood samples from the diabetic and non-diabetic participants who were recruited in Canadian sites were collected at baseline, frozen, and then stored centrally in liquid nitrogen for subsequent analyses. This report focuses on the relationship of GHb (in all participants with diabetes) and fasting plasma glucose (in the Canadian diabetic and non-diabetic participants) with the incident key study outcomes.
Assessment of glycaemia and other risk factors
Both the measured GHb result and the upper limit of normal for the assay used were recorded whenever GHb was measured. The GHb results were then expressed and analysed as a 'derived HbA 1 c' based on an assay with an upper limit of normal of 6.0%, which was calculated as: (local measured result/local upper limit)×6%. Fasting plasma glucose was measured on stored plasma in the central laboratory using a glucose oxidase method (Integra; Roche Diagnostics, Basel, Switzerland), and total cholesterol and HDL cholesterol were measured on centrally stored plasma using an enzymatic, colorimetric method (Integra; Roche Diagnostics). Albuminuria was measured in four central laboratories around the world, as previously reported [15, 16] . Participants were deemed to have a history of hyperlipidaemia if a recent total cholesterol was >5.2 mmol/l, a recent HDL cholesterol was <0.9 mmol/l, or if they were taking lipid-lowering medication.
Outcomes analysed
The definitions of the key outcomes measured in the HOPE study and Microalbuminuria, Cardiovascular, and Renal Outcomes in HOPE (MICRO-HOPE) substudy have been published previously in detail [14, 17] . Briefly, the primary outcome was the first occurrence of one or more of the following: non-fatal myocardial infarction, stroke or CV death. Key secondary outcomes included total mortality, hospitalisation for congestive heart failure, overt nephropathy (i.e. measured as clinical proteinuria) and each component of the composite primary outcome. Participants were assessed for the development of overt nephropathy at baseline and study end; diabetic participants were also assessed for this outcome at 1 year. Overt nephropathy was defined as a urinary AER ≥ 300 mg/day or 200 μg/min; a urinary protein excretion rate ≥500 mg/day; or (in the absence of a timed collection) a first morning urine albumin : creatinine ratio >36 mg/mmol.
Statistical analyses
Two groups of participants were analysed: (1) all diabetic participants with GHb measurements; and (2) diabetic and non-diabetic participants for whom fasting baseline blood was stored (i.e. those who were enrolled in Canada) and later assayed for plasma glucose (GHb levels were not measured in the non-diabetic participants).
During the course of the trial, updated GHb levels were calculated for each diabetic individual as the mean of all of the available measurements for that individual during the entire period of follow-up. Any individual for whom there was one or more GHb value was included in this analysis, regardless of the number of available GHb levels that contributed to the updated number.
The relationship between GHb and the risk of outcomes in diabetic participants was analysed by relating the incidence of an event to two different assessments of GHb: the baseline level and the updated level. GHb was assessed as a categorical variable (i.e. according to each decile of the distribution) and as a continuous variable. Cox regression models were used to estimate the covariate-adjusted relative hazard for each event within each decile of GHb and for a 1% rise in GHb. The relationship between baseline fasting plasma glucose (according to each quintile of glucose and as a continuous variable) and the risk of outcomes in diabetic and non-diabetic participants was analysed using a similar approach. A p value of less than 0.05 was considered significant.
Results A locally measured baseline GHb level was available for 3,529 (98.7%) of the 3,577 participants with a history of diabetes, and a centrally measured fasting plasma glucose level was available for 2,950 (92.3%) of the 3,196 nondiabetic (n=1,937) and diabetic (n=1,013) participants for whom a baseline serum sample was stored. Baseline biochemical and clinical data for each of these two groups are listed in Table 1 .
GHb and incident CV and renal outcomes in diabetes
There was a consistent and progressive relationship between the GHb level (both baseline and updated) and the age-and sex-adjusted relative hazard of the following outcomes: (1) the primary outcome; (2) hospitalisation for congestive heart failure; (3) total mortality; and (4) overt nephropathy (Fig. 1) . The strongest relationships were seen with the updated GHb level. After adjusting for age, sex, diabetes duration, systolic and diastolic blood pressure, WHR, history of hyperlipidaemia, and randomisation to ramipril, a 1% rise in the updated GHb level was associated with a 7% rise in the risk of the primary outcome, a 20% rise in the risk of hospitalisation for heart failure, a 12% rise in the risk of total mortality, and a 26% rise in the risk of overt nephropathy (Table 2) .
Fasting plasma glucose and incident CVD and renal outcomes A similar relationship was seen between baseline fasting plasma glucose and the age-and sex-adjusted risk of each of the outcomes (Fig. 2) . Moreover, after adjusting for age, sex, systolic and diastolic blood pressure, WHR, history of hyperlipidaemia, and allocation to ramipril, a 0.15-unit rise in baseline log fasting plasma glucose (equivalent to an increment in fasting plasma glucose of approximately 1 mmol/l) was associated with a 9% rise in the risk of the primary outcome, a 16% rise in the risk of hospitalisation for heart failure, a 6% rise in the risk of total mortality and a 34% rise in the risk of overt nephropathy (Table 3) .Similar results were noted when hyperlipidaemia wasreplaced in the model by the fasting cholesterol:HDL cholesterol ratio and the triglyceride level ( Table 3 ). The significant relationship between fasting plasma glucose and the primary outcome (but not the other outcomes) was retained after adjustment for the presence of diabetes (relative risk [RR]=1.06; 95% CI 1.00-1.12; p=0.043). 
Discussion
In this epidemiological analysis of the HOPE study data collected in individuals with diabetes, the GHb value was an independent risk factor for a broad range of outcomes, including CV events, heart failure, death and overt nephropathy. A very similar relationship between fasting plasma glucose and outcomes was also noted in the group that included both diabetic and non-diabetic individuals. In this latter group, the relationship between fasting plasma glucose and CV events was maintained even after accounting for the presence or absence of diabetes. The progressive nature of the relationship between the indices of glycaemia (GHb and fasting plasma glucose) and outcomes, and the observation that fasting plasma glucose is a risk factor for CV events even after statistically accounting for the presence of diabetes, support the conclusion that it is the degree of hyperglycaemia, rather than the presence or absence of diabetes as such, that is related to future CV outcomes. As the relationship between outcomes and the indices of glycaemia was not attenuated after adjusting for blood pressure, abdominal obesity or hyperlipidaemia, these other risk factors are insufficient to explain all of the risk associated with dysglycaemia. Of note, however, it is possible that the relationship would have been attenuated to some degree if the definition of hyerlipidaemia had included hypertriglyceridaemia. The fact that this was not observed with respect to the relationship between fasting plasma glucose and events argues against this possibility. Thus, these analyses support the hypothesis that management of traditional risk factors may not eliminate the risk related to glucose. Similarly, accounting for ranpdomisation to ramipril did not attenuate the relationship of clinical outcomes with either GHb or fasting plasma glucose. Thus, the proven CV and renal benefits of ramipril [14, 16, 18 ] cannot be completely explained by its possible effect on glucose levels. These data are limited by the fact that GHb levels were not assessed centrally or by the same methodology, and may not all have been determined using assays standard- The progressive relationship between baseline fasting plasma glucose (FPG; divided into quintiles) and the age-and sex-adjusted relative hazard of the primary outcome (a), hospitalisation for heart failure (b), overt nephropathy (c) and total mortality (d) ised to international reference assays. They are also limited by the fact that GHb levels were only measured in diabetic participants. Thus, these data do not provide information regarding the relationship between GHb and outcomes in non-diabetic individuals. Moreover, glucose tolerance tests were not performed in participants to definitively determine their diabetes status or degree of hyperglycaemia, and fasting plasma glucose was only measured in a subset of diabetic individuals. Clearly, these additional data, as well as data on other CV risk factors, would have added precision and confidence to the risk estimates in both diabetic and non-diabetic individuals, and would have enabled an analysis of the relative importance of the GHb level, as compared with the glucose level, as a predictor of events. Nevertheless, the fact that strong associations were seen despite this heterogeneity and possibility of misclassification suggests that these findings are robust. Indeed, the observation of a stronger link between outcomes and updated GHb (compared with the baseline GHb) is consistent with the well-known phenomenon of regression-dilution bias [19] and suggests that a stronger association between fasting plasma glucose and outcomes would have been detected if updated fasting plasma glucose levels were available. Thus, it is likely that these findings are underestimates of the true relationship between indices of glycaemia and key clinical outcomes. These prospective observations from the HOPE study add to a growing body of epidemiological data in both diabetic and non-diabetic individuals [11, 12, [20] [21] [22] [23] , and further support the possibility that glucose lowering may reduce CV events. They also strongly support the need for large randomised, controlled clinical trials designed to confirm or refute preliminary suggestions that glucose lowering may reduce CVevents in ambulatory people with newly diagnosed diabetes [24] , established diabetes [25] or IGT [26, 27] .
